The present work describes the use of a recently established multiparametric methodology to study nanomaterial toxicity. Using optimized methods, including proliferation-restricted cell types and endosomal buffer systems, the effect of different types of nanomaterials on cultured cells were studied, focusing in particular on intracellular particle degradation. Gold particles were quite resistant, whereas iron oxide degraded, with loss of magnetic resonance contrast, but little toxicity associated. Quantum dots degraded more slowly, decreasing both fluorescence quantum yield and cell viability over long-time periods. The multiparametric methodology is shown to be an efficient screening strategy, allowing easy comparison of results obtained for different nanomaterials and hereby helping to optimize nanoparticle design with improved safety.
INTRODUCTION
The increasing exploitation of nanotechnology and the rapid progress with which the field of nanotechnology is moving, is paving the way for a big number of new types of materials and new applications to find their way into our daily lives [1] . The wide versatility of different materials and the substantial progress that has been made, enabling a careful control over nanoparticle (NP) properties including size, shape and surface chemistry has also attracted a lot of attention from medical scientists [2] . The different properties of the various materials make them perfectly suitable as contrast agents for non-invasive imaging modalities, explore them as targetable or triggerable drug delivery systems or use their own physical properties as novel anti-cancer therapies [2, 3] . The many exciting properties that most of these materials possess, also make them perfectly suitable to be used as so-called theranostics, where the same particle can be used both for diagnostic as well as for therapeutic applications [3] . Also the combination of different materials further enhances these properties, where lanthanide-doped upconverting NPs exhibit strong fluorescent as well as MRI contrast and thus enable multimodal imaging, combining the strengths of both individual imaging modalities by using a single type of nanomaterial [4] .
Although some materials have been used in the clinic, such as iron oxide NPs as MRI contrast agents, and more materials are undergoing clinical trials, the translation of basic biomedical research into clinical applications has proven to be very slow and quite difficult [5, 6] . One of the main reasons hindering a smooth progression are the persistent uncertainties regarding the safety of nanomaterials. Although more and more effort has been put in understanding how these NPs interact with biological specimens, and substantial progress has been made in optimizing ways of research and modifying current practices in order to be able to keep up with the fast pace at which the field of nanotechnology in itself is changing [7] , many issues remain. The wide variety in types of materials, each with different sizes, shapes and physicochemical properties render it quite hard to generate reproducible data or create a general picture of NP toxicity. Initially, the lack of standardized protocols, and the use of common biochemical assays to assess cell viability generated a lot of disparate data as important factors as incubation time, concentrations or cell types used will affect the outcome of the study and many common assays have been found not to be suitable upon use of certain types of NPs [8] . Additionally, NPs can interact with biological samples through many different mechanisms, inducing oxidative stress, autophagy, apoptosis, interfering with cell cycle progression, or resulting in DNA damage or the onset of cancer [9] [10] [11] . But one intrinsic key difficulty in the field of nanotoxicology is that no effect results are needed [12] . As NPs can interfere with biological specimens in so many different ways, it is very difficult to provide full overview of every possible pathway and to conclusively state that a certain type of nanomaterial is 100% safe. The level of safety therefore correlates with the number of parameters that are being tested, where higher levels of safety can be achieved when NPs have been thoroughly investigated for a wide number of parameters.
In this view, several groups have developed their strategies for an optimized assessment of NP safety using an elaborate number of different methods, including high-throughput screening techniques, mathematical modeling and in silico based predictions of NP safety [13] . Among the various strategies, we have proposed the use of a multiparametric methodology to investigate the toxic effects of NPs on cultured cells [14] . This methodology enables an in-depth evaluation of nanotoxicological effects and hereby allows to define the mechanisms contributing to any observed toxicity, define the concentrations at which no adverse effects occur and given the reproducible and conserved setup, an easy comparison can be made between different particles tested under identical conditions. Additionally, the methodology in itself also includes several optimized protocols that allow to investigate some aspects which thus far have not received adequate attention, such as the possible degradation of NPs in a cellular microenvironment. In the end, the efficiency of the different NPs to be used in various biomedical applications such as MRI contrast agents or fluorescent probes will be evaluated at non-toxic concentrations in order to have an idea of which NPs would be most suited for the desired applications. Thus far, several types of NP have been evaluated, including different types of iron oxide NPs [15] , gold NPs [16] and quantum dots [17] .
The present work will describe the multiparametric methodology and highlight some important practical aspects related to it. Furthermore, an overview of the data obtained for materials studied thus far will be given, as well as some recent data of ongoing work with more materials. Specific attention will be given to common mechanisms as well as unique aspects for different NPs. The effect of particle degradation and its consequences on both NP toxicity and physical properties will be discussed.
MULTIPARAMETRIC METHODOLOGY

Nanoparticles
The present work uses different types of NPs, including: 1) Iron oxide NPs: a) Carboxy-dextran-coated Resovist (purchased from Schering (Berlin, Germany)), dextrancoated Endorem (Guerbet (Villepinte, France)), citrate-coated very small oxide particles (VSOP C200 from Ferropharm (Teltow, Germany)) and cationic lipid-containing magnetoliposomes (MLs (3.33% distearoyltrimethylammonium propane (DSTAP)-containing which were produced in-house as described elsewhere [18] ).
2) Quantum dots used were 565 ITK-carboxyl and 565 ITK-amino PEG systems, which were supplied by Invitrogen, Inc. (Belgium), Both type of quantum dots are core-shell particles encapsulated within a polymer with a cadmium telluride/cadmium selenide (CdTe/CdSe) core and zinc sulphide (ZnS) shell.
3) Gold NPs: 4 nm diameter Au NPs encapsulated within a poly(methacrylic acid) (PMA) polymer shell, which were produced and characterized in detail by prof. Wolfgang Parak's group (University of Marburg, Marburg, Germany). 4) Silica NPs: The silica NPs used were purchased from Hybrid Silica Technologies, Inc. (Ithaca, New York, USA). All particles used contain tetramethylrhodamine-5-(and-6)-isothiocyanate (TRITC) and are supplied as stable suspensions of the particles at 2 mg/ml with a diameter of 25, 45 or 75 nm.
A short overview of some important particle characteristics is provided in Table 1 . Table 1 . Nanomaterial characteristics. The data shown are compiled from data in previous studies on iron oxide NPs [15] , quantum dots [17] and gold NPs [16] . The silica NPs were assessed similarly in PBS using dynamic light scattering and electrophoretic mobility assays. Figure 1 below gives an overview of the workflow (named 'multiparametric method') that has been previously optimized to study cell-NP interactions/NP toxicity in common 2D monolayer cultures [14] and which will serve as the basis for the evaluation of NP toxicity in the present work. In short, a typical study based on the workflow below uses three different cell types, which have been shown to be sensitive and highly useful for NP toxicity testing [15] : C17.2 neural progenitor cells, PC12 rat pheochromocytoma cells and primary human umbilical vein endothelial cells (HUVEC cells).
NP types
Multiparametric methodology
Using these cells, a typical test then consists of the following steps. First, evaluation of cellular uptake of the NPs at a broad concentration-range using transmission electron microscopy (TEM), confocal microscopy for fluorescent NPs and inductively coupled plasma-mass spectrometry (ICP-MS) to quantify the number of metal-containing NPs associated to cells.
The next step is to test for acute toxicity, for which multiple assays are used (lactate dehydrogenase (LDH) assays, MTT assays and calcein AM-and ethidium homodimer co-staining) at various time points (0, 2, 4, 8 and 24 h of incubation). As NPs have been described to possibly interact with common viability assays, the use of multiple assays is required to cross-validate the results. The highest concentrations which do not lead to any acute toxicity will then be tested further to investigate whether or not more 'other toxic effects' on cell functioning and homeostasis, starting from more general and outspoken effects (like the generation of reactive oxygen species (see below) and deformations of cell morphology (see below)) to more 'subtle' and cell type specific effects (like e.g. neurite outgrowth in PC12 cells (see below), effects on gene expression...). 
a) Generation of reactive oxygen species
As exposure of cultured cells to engineered NPs typically leads to reactive oxygen species (ROS), ROS induction has been put forward by André Nel and co-workers as one of the main causes of NP-induced toxicity [9, 19] . Therefore, after assessing acute toxicity, the induction of ROS will be measured by spectrofluorometric analysis using dichlorodihydrofluorescein diacetate acetyl ester (H 2 DCFDA). When significant levels of ROS induction are reached and maintained for longer time periods (48 h or longer), it is important to check for any possible secondary effects on the cells. To this end, the mitochondrial membrane potential will be checked using, or instance the JC-10 dye, which will form red aggregates in healthy mitochondria but remains as green monomers in cells with damaged mitochondria. The level of green over red fluorescence measured spectrofluorometrically using a 96-well plate will therefore indicate the functionality of the cellular mitochondria. As ROS can also lead to DNA damage, the occurrence of DNA double strand breaks can be checked by staining for γ-H 2 Ax foci, which are formed by the rapid phosphorylation of histone H 2 Ax at sites of DNA double strand breaks [20] . The occurrence of γ-H 2 Ax foci can then be detected by fluorescence microscopy after staining with a rabbit primary anti-γ-H 2 Ax antibody and a fluorescently conjugated anti-rabbit secondary antibody.
b) Influence on cellular morphology
Several studies have shown that inorganic NPs can affect the architecture of the cell cytoskeleton and hereby lead to morphological alterations [21, 22] , possibly leading to significant alterations on many cellular parameters such as proliferation and cell viability. To assess any morphological alterations, HUVEC cells (in a 6 well plate) will be stained for F-actin by fluorescently conjugated phalloidin and for α-tubulin (primary mouse anti-α-tubulin IgG and secondary fluorescently conjugated anti-mouse IgG). From confocal microscopy images respectively the "total cell area" (= cell spreading) and the "cellular aspect ratio" (also named "cell polarity") will be determined for at least 100 cells per condition. The "cellular aspect ratio" is the ratio of the length of the cell along the main cell axis over the cell width perpendicular to the cell length.
c) Influence on cell functionality
Measuring cell functionality (for instance: differentiation of stem cells) is often used as an important indicator of the cell status at a short time after exposure to NPs [23] . However, most stem cell differentiation protocols take up from 7 to 14 days, are intrinsically associated with high levels of cell death and are often only assessed in a qualitative manner [24] . The PC12 cell model offers an interesting alternative, where at 1 day after NP exposure, the cells (seeded in 6 well plates) are exposed to low-serum containing medium supplemented with nerve growth factor (NGF) for 2 days. This leads to a rapid outgrowth of neurites which can be counted and their lengths measured, for instance using the NeuronJ plugin for the open source image analysis software ImageJ. Previously, it has been shown that NPs which are subjected to NP-induced cellular stress result in shortened and fewer neurites [15, 25] .
d) Effect of NP degradation
As endocytosed NPs are subjected to an acidic environment, the effect of NP degradation which may happen at lower pH will be studied as well. Indeed, ions released from the degrading inorganic NPs may have high toxic effects. This degradation of the NPs can either be performed in a cell-free environment, where the effect of the pH on the (degradation of the) NPs will be tested using several endosomal buffer systems of pH 7.4, 5.5 or 4.5, as described previously [26] . The time-dependent release of (toxic) metal ions can then be quantified using ICP-MS or commercial kits with probes against specific metal ions. Additionally, the degradation of NPs inside cells can be quantified using the same commercial kits, using non-proliferative cell populations (e.g. by the addition of 60 µM Apigenin which was found to reduce cell proliferation to approximately 10% of the normal value. For degradation studies, it is essential to block proliferation of the cells as this results in rapid dilution of the number of NPs per cell and hereby impedes a straightforward analysis of a time-dependent degradation of the NPs at longer time scales (i.e. several days).
RESULTS AND DISCUSSION
Acute toxicity
Acute toxicity of these materials is typically assessed using a combination of different cell viability assays, in order to rule out any possible interference of the NPs with one or more assays. In general, little data can be retrieved when comparing the acute toxicity of different particles, considering the differences in type of material, size of the particles or nature of the stabilizing coating used. It is important to consider the following points: 1) the concentration in which NPs are given is quite important. Often, material concentrations are given in molar units (the number of particles per unit of volume), alternatively, they can also be given as mass units or as the total surface area of all particles, although the latter is less commonly used. Given the respective designation used, there are always intrinsic problems associated with every denomination. For instance, the number of NPs doesn't really take into account differences in size of the NPs whereas weight units do not allow an easy comparison of materials of different compositions and densities. 2) For NP toxicity, materials can induce toxicity without being internalized by the cell, for instance by destabilization of the cell membrane [27] . In most cases, however, the number of cell-internalized NPs is more important and will correlate more with NP toxicity than the number of NPs administered to cell culture medium [28] . 3) A third issue lies in the problems with regard to a careful and proper determination of NP concentrations. Depending on the methodology used, quite variable results can be obtained, which makes it hard to compare the exact concentrations of NPs provided and characterized by different sources [29] . With regard to the particles studies here, some preliminary conclusions can be drawn however. Ongoing studies with differently sized silica NPs indicate that the smaller NPs result in higher levels of toxicity than bigger sized NPs, which is the case both when expressed as number or as mass units. For the iron oxide particles with different sizes and coating, it was shown that the particles with the smallest size resulted in higher toxicity levels, even when achieving less cellular iron concentrations and thus lower uptake [22] . This may be due to the fact that the smallest NPs will have a higher total surface area and thus more possible interactions with biological components than bigger sized NPs given at the same weight levels. For quantum dots, two identical types of particles either coated with a carboxylated or with a PEGylated polymer showed distinct differences in their uptake levels, where the carboxylated ones where taken up approximately 5-fold more than the PEGylated ones [17] . Although given at identical concentrations, the differences in intracellular levels of the NPs correlated closely with differences in their acute toxicity, being more outspoken for carboxylated quantum dots at similar incubation levels. Acute toxicity has also been tested on PMA-coated Au NPs, provided and characterized by the group of prof. Wolfgang Parak [16] . Ongoing work with CdSe/ZnS core/shell quantum dots of the same core size (4 nm diameter) and exact same PMA-coating shows that the quantum dots appear to be several-fold more toxic than the Au NPs, but further research is required to evaluate exactly how the toxicity of these NPs relate to each other. These data reveal that the nature of the core itself, despite being encapsulated by the same thick polymer layer, plays an important role in determining the final toxicity of the NPs. In short, all the studies reveal that NP toxicity is related to: 1) the nature of the core and the intrinsic toxicity of the core constituents, 2) the nature of the coating and how the coating dominates cellular uptake of the NPs, 3) the size of the particles, where smaller sized NPs typically result in higher toxicity levels.
Generation of reactive oxygen species
As mentioned in Section 2.2., the generation of ROS is considered as one of the key mechanisms by which NPs can affect cellular wellbeing. For the various NPs tested here, induction of ROS was indeed observed. The level of induction and the effect thereof on cell viability is however not straightforward as every cell type has internal defense mechanisms against ROS which will counter any further adverse effects [30] . Additionally, the kinetics are also quite important. Typically, cells are being exposed to NPs for a certain time period after which ROS levels will be measured. However, as noted for the iron oxide NPs, some NPs appear to rapidly generate high levels of ROS, being maximal at approximately 4 h whereas other particles result in maximal effects at later time points, often 24-36 h [26] . Therefore, it is important to assess the induction of ROS at different time points, if possible and similarly for the effects on cell viability. To try and correlate ROS levels and cell viability, so-called free radical scavenger, such as N-acetylcystein (NAC) can be used which will diminish ROS induction back to near control levels. When cell viability studies are performed under identical conditions, it can then be seen whether reducing ROS levels correlates well with cell viability data. For the particles tested in our studies, it was revealed that for all NPs tested, clear ROS induction could be observed which could be overcome by the effect of NAC. However, cell viability could never be fully restored, indicating that other mechanisms were playing a role in diminishing cell viability. Additionally, the degree of cell viability recovery appears to change between different types of NPs, indicating that for the different NPs, these "alternative" mechanisms were not always the same.
Effects on cellular morphology
One possible alternative mechanism is the effect of the NPs on cell morphology and more specifically, a loss of actin and tubulin cytoskeletal organization and reduced cell spreading [21] . Several studies already indicated some effects of various NPs on cell cytoskeleton organization. The underlying mechanisms are thus far still uncertain. Possibly, some particles may escape from the endosomal compartments and directly interfere with the actin or tubulin fibers. Alternatively, binding of NPs to cell surface receptors such as integrins can trigger cytoskeleton rearrangements. Also, the effect of ROS has been suggested to play an important role. In order to test for such defects, it is important to test cells under conditions at which the NPs do not exert any acute toxicity. As cells that are dying or dead would logically round up and hereby severely influence the outcome of the experiment. The NPs tested here have all shown to affect the cell cytoskeleton to widely varying degrees. The PMA-coated gold NPs were found to result in a loss of actin fibers and at higher concentrations also a loss of tubulin fibers [16] . Quantum dots were found to affect the cytoskeleton of the cells at high intracellular levels of the NPs. Similarly for the iron oxide NPs, only those NPs that For the various NPs, the same results were obtained in the presence or absence of 5 mM NAC, indicating that ROS did not seem to be a major trigger of the observed effects. As these effects correlate well with intracellular NP concentrations, we put forward several hypotheses to explain this phenomenon: 1) High numbers of endosomes packed with metal or metal oxide NPs sterically hinder existing cytoskeletal fibers and mechanically deform them.
2) The endosomes packed with NPs typically reside in the perinuclear region and may hereby impede cellular processes depending on import or export in/out of the nuclear region.
3) The endosomes filled with NPs that are not easily degraded may become hindersome to the cell as its degradative capacity will be lowered. The cell may respond to that by various mechanisms, including the induction of autophagy or the generation of new endosomes and lysosomes [10] . These cellular processes may be accompanied by significant alterations in cellular morphology.
Effects on cell functionality
The PC12 assay was shown to be a powerful and fast assay for a quantifiable determination of cell functionality following cell exposure to NPs [25] . Where cell viability is relatively easy to assess, the effects of NPs on cell signaling and how cells react to external stimuli is less known. Hussain et al. [31] showed that NPs could directly interfere, via different mechanisms in important signal transduction pathways, such as epidermal growth factor receptor-mediated signaling. As for biomedical applications, the labeled cells should possess the same properties as unlabeled ones, any changes in cell signaling should be avoided. Importantly, especially for gene or drug delivery purposes no altered gene expression levels should be observed as this might influence the outcome of the experiments [32] . Additionally, altered cell signaling pathways can have may drastic outcomes and may potentially change the fate of stem cells, affect their proliferation and migration or result in the onset of tumorigenesis, which of course, would mean that these labeled cells would potentially form a threat to anyone implanted with them. The NPs here were found to all influence PC12 neurite outgrowth to different degrees. Again, the level at which these effects occur are typically several-fold lower than the level at which acute toxicity is observed. These data reveal that subtle effects of NPs at levels far lower than those at which no acute toxicity is seen can still occur and that more studies should focus on the effect of NPs at 'subtoxic' concentrations.
Nanoparticle degradation
When NPs are taken by the cell, they typically end up in endosomal compartments, where they will be subjected to lower pH levels and an overall degradative microenvironment. Although some NPs such as the Au NPs were not found to show any effect when subjected to various physiologically relevant pH levels, other NPs did appear to degrade as a result of acid leaching of metal ions from the NP surface. For the quantum dots, it was found that both polymer-coated (carboxyl and PEGylated) quantum dots degraded to the same extent when subjected to endosomal buffer systems [17] . When the experiments were performed in non-proliferating cells, the carboxyl-quantum dots resulted in higher levels of free Cd 2+ , a known toxic agent, than the PEGylated ones. The level of Cd 2+ was however approximately 5-fold lower, which correlated with the 5-fold lower uptake levels of PEGylated quantum dots [17] . The effect of NP coating on degradation was very outspoken for the iron oxide NPs, as shown in figure 3. Here, it was observed that citrate-coated NPs dissolved most rapidly, compared to the NPs coated with dextran or lipids. This effect is likely due to the highly negative charge of the citrate ions, which may affect the pH at the NP surface [33] . Additionally, the small molecules will offer less protection than a thick polymer layer, at least as far as the polymer or lipid layers themselves can withstand the degradative environment of the endosomal compartment.
For both types of NPs, apart from citrate-coated iron oxide NPs, it was found that degradation typically took several days before significant levels of free metal ions were released. It is probable that first, the coating of the NPs is partially degraded or removed from the NP surface, which is then followed by local degradation of the NPs at the bare surface areas. Then, when the outer layer of the NPs have been degraded and the coating continues to be removed, the release of the metal ions will go faster, and ions will continue to be released until the NPs are completely dissolved, or in case the NPs are in a restricted environment, an equilibrium is reached between free and NP-bound ions. For quantum dots, the degradation of the NPs resulted in grave toxic effects, caused by the release of highly toxic Cd 2+ ions. Furthermore, as the particles themselves are being degraded, a clear loss in their fluorescent intensity could be observed [17] . For iron oxide NPs, similar observations were made. Free ferric ions are however not highly toxic, and as such the degradation of the NPs did not always result in cytotoxicity. However, for the citrate-coated iron oxide NPs which were degraded rapidly, the abrupt release of high levels of ferric ions did affect cell viability, likely by means of the Fenton reaction and associated generation of oxidative stress. Interestingly, the degradation of the NPs correlated with a loss of their MRI contrast generation, making the degraded NPs undetectable and therefore useless for biomedical imaging of labeled cells [26] . The different results obtained for the various iron oxide NPs do indicate that the coating itself plays an important role in shielding the NP core from the degradative environment of the endosomes. Next to providing colloidal stability and determining cellular uptake efficiency, the coating must therefore also be selected in terms of proper protection of the NPs against cellular degradation.
CONCLUSIONS
The present study provides an overview of the toxic effects caused by different types of biomedically interesting NPs, including gold NPs, iron oxide NPs, quantum dots and fluorescent silica NPs. The multiparametric methodology used in the assessment of the cytotoxic effect of these materials enables to highlight several mechanisms important in NP toxicity and, as far as possible, allows to compare the toxic effects of different types of NPs. The data shown here highlight the importance of a multiparametric setup, where effects such as NP degradation or cell functionality must be carefully studied as these can have grave effects at concentrations where no acute toxicity occurs. In terms of testing of NPs with biomedical applications, it is also important not to focus solely on the toxicological impact but also on the possible impact of NP functionality, such as in the case of NP degradation.
